Much of the short-range forces and structures of softly supported DMPC bilayers has been described previously. However, one interesting feature of the measured force-distance profile that remained unexplained is the presence of a long-range exponentially decaying repulsive force that is not observed between rigidly supported bilayers on solid mica substrate surfaces. This observation is discussed in detail here based on recent static and dynamic surface force experiments. The repulsive forces in the intermediate distance regime (mica-mica separations from 15 to 40 nm) are shown to be due not to an electrostatic force between the bilayers but to compression (deswelling) of the underlying soft polyelectrolyte layer, which may be thought of as a model cytoskeleton. The experimental data can be fit by simple theoretical models of polymer interactions from which the elastic properties of the polymer layer can be deduced.
Introduction
In recent years, lipid bilayer and model biomembranes supported on solid substrates have gained considerable attention as model systems for the fundamental study of biomembrane processes. [1] [2] [3] [4] [5] [6] [7] [8] At the same time, technological and medical interest arises from their potential use as biosensors and models of biomembranes. [8] [9] [10] In this context, it is of considerable importance to attach a membrane to a substrate such that the supported membrane's natural hydrophilic environment, fluidity, and freedom are retained in order to conserve its biomimetic properties. While on hydrophilic oxidized silicon or silica a water layer (∼ a few angstroms thick) is formed which allows for free diffusion of phospholipid molecules within the bilayer, 11-13 on most other metal, metal oxides, and inorganic mineral surfaces, lipid mobility is strongly suppressed.
14,15 One promising and convenient approach is the use of water-swellable polymers for creating deformable and mobile substrates 8, 16, 17 that allow an aqueous layer several nanometers thick to separate the membrane from the underlying solid surface.
We have recently constructed phospholipid (DMPC) bilayers supported by a layer of branched polyethylenimine (PEI) on mica substrates by a two-step process in which small unilamellar lipid vesicles were adsorbed on preformed polymer-supported Langmuir-Blodgett (LB) lipid monolayers ( Figure 1) . 18 This allowed us to study the interaction forces, adhesion, and fusion of lipid bilayers in a more natural state employing the surface forces apparatus (SFA). 19 We found that the presence of the soft polymer cushion significantly alters the interaction between two bilayers, both the long-range force and the fusion pressure, when compared to solid-or rigidly supported systems. Thus, above the main transition temperature of DMPC bilayers (T m ≈ 24°C), the activation pressure for hemifusion of softly supported bilayers is considerably smaller than for rigidly supported bilayers (i.e., directly supported on mica). After separation, softly supported membranes naturally reformed after short healing times. Also, for the first time, complete fusion of two fluid (liquid crystalline) phospholipid bilayers was observed in the SFA. Below T m (in the gel state), very high pressures were needed for hemifusion and the healing process became very slow. 19 In our earlier work, we focused on the effects of the polymer layer on the short-range interaction potential, but we also measured a long-range repulsive force that could not be explained by a purely electrostatic interaction. Furthermore, in structural investigations of our PEIsupported membrane system by neutron reflectivity, we were able to show a significant swelling of the polyelectrolyte cushion separating the lipid membrane from the substrate (quartz). When a PEI-supported DMPC mono- layer is first deposited onto quartz by the LB technique and then treated with a solution of small unilamellar DMPC vesicles in buffer solution, the thickness of the supporting polymer layer increases from 4.5 nm (supported monolayer in air) to ∼15 nm (supported bilayer in buffer solution). At the same time, the polymer/water (v/v) ratio within the cushion decreases from 1 / 1 to approximately 1 / 3 .
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In this paper, we will briefly summarize our earlier SFA studies and then describe recent experiments by which we could relate the long-range repulsion to the compression of the water-swollen polymer cushion. In dynamic SFA experiments, the viscosity of the liquid medium between the two surfaces can be measured. [20] [21] [22] From the viscosity profile, one can determine the position of the shear plane relative to the position of the solid surface (D ) 0), which in turn can be related to the thickness of a fully immobilized hydrodynamic layer, such as a polymer layer. This method could therefore be used to probe the PEI-supported bilayer thickness on mica. In additional static experiments, we measured the normal interaction forces in an "asymmetric" setup, in which the two apposing bilayer systems are no longer identical. This allowed us to identify the nature of several individual contributions to the systems' interaction profile in more detail. These experimental results can be compared to simple theoretical models for the long-range repulsive contribution from which elastic properties of the polymer cushion supporting the lipid bilayer can be extracted.
Experimental Section
Mica surfaces coated with an interfacial layer of branched polyethylenimine (Mw ≈ 1800 g mol -1 , 95% purity; Polysciences, Warrington, PA) were prepared by adsorbing the polymer from aqueous solution (100 ppm) at room temperature for at least 2 h followed by rinsing with MilliQ water. Note that commerically available, statistically branched polyethylenimines synthesized by cationic ring-opening polymerization of aziridines normally show a rather broad molecular weight distribution with primary, secondary, and tertiary amino units present in a ratio of 1:2:1. However, in low molecular weight (oligomeric) material as used here, the ratio between primary and tertiary amino units normally differs from 1:1 because of the use of termination reagents in the cationic polymerization of ethylenimine. [23] [24] [25] This synthetic process leads to short and nearly linear polymer chains, with one short side branch per approximately 3.5 repeat units along a linear polyethylenimine main chain. 25, 26 The choice of this low molecular weight PEI with a low degree of branching is important to provide a homogeneous water-swollen layer on the mica substrate, while high molecular weight PEI has been found to absorb as a very patchy interfacial layer on charged surfaces. 27 For the preparation of PEI-supported DMPC bilayers on mica and quartz substrates, we could successfully employ the well-established formation of lipid bilayers by vesicle fusion on solid substrates 17,28-30 also on the soft polymer surfaces. The parameters governing the preparation process have been carefully evaluated in our previous work, and the polymer-supported bilayer structure was confirmed by structural characterization employing neutron scattering 18, 19 and atomic force microscopy (AFM). 32 Briefly, the (proximal) DMPC monolayers were deposited at room temperature by LB transfer onto mica or quartz substrates from an aqueous subphase containing 100 ppm PEI and 0.5 mM KNO3, and the formation of the second (distal) lipid layer could then be achieved by adsorption and fusion of small unilamellar vesicles onto the PEI-supported monolayers. The polymer adsorption conditions, namely, the salt concentration, were held constant in all preparations of PEI-supported DMPC monolayers, to ensure that always the same amount of polyelectrolyte was adsorbed to the substrate. For experiments with polymer-supported bilayers at conditions of varied electrolyte concentration (i.e., low salt, 0.5 mM KNO3; high salt, 150 mM KNO3), the salt content of the buffer was adjusted upon lipid vesicle adsorption. Hereby, the resulting lipid bilayer structures were found to depend on such factors as polymer hydration and salt concentration of the buffer. 18 Also, osmotic pressure acting on the lipid vesicles upon adsorption has been found to induce vesicle rupture and help to drive the formation of bilayers as opposed to the formation of vesicular aggregates adsorbed to the polymer-coated mica substrates. 32 Once established, this technique could be used in a convenient way for the preparation of polymer-supported lipid bilayers directly inside the SFA. 19 In a similar fashion, solid-supported lipid bilayers were prepared by adsorbing DMPC vesicles onto preinstalled crystalline DPPE monolayers on mica (prepared by LB transfer at room temperature from the solid-analogous monolayer phase). 28 A detailed description of the SFA technique has been given elsewhere. 31 All bilayer preparations and SFA experiments described throughout the paper were carried out at 28°C (i.e., above the gel-fluid phase transition temperature of DMPC bilayers, Tm ) 24°C). If not specified differently, in all forcedistance curves shown in this paper, D ) 0 corresponds to the contact of the bare mica substrates, which was determined before each experiment. Note that, as the disks had to be taken out of (20) the SFA for the monolayer deposition, the absolute zero position is known only to an accuracy of (0.5 nm. This yields a somewhat ambiguous thickness for the underlying polymer layer, but this experimental error is by an order of magnitude smaller than the typical deviations obtained for the layer thicknesses in our fitting procedures. Note that the relatively measured distances in the force profile are known to greater accuracy, typically 0.2 nm. For the measurement of intersurface forces ("static" force measurements), the motor compressing/separating the two surfaces was driven in steps of approximately 4 nm to measure the forces between the surfaces during compression and separation. At each step, an average time of ∼5 s was needed to measure the actual intersurface separation. Therefore, in the range where no considerable force was acting between the surfaces, the average compression/expansion rate was ∼1 nm/s. In the range where larger interbilayer forces were present, naturally the compression rate drops whereas the force loading rate remained constant (with a spring constant K ≈ 300 N/m, a radius R ≈ 1.
For the determination of the viscosity of the medium between the mica surfaces, the forces are measured when the surfaces are in relative motion ("dynamic" force measurements). 20, 21 The upper surface oscillates around an average position, and the response of the lower surface is measured by detecting the "oscillating" mica-mica separation. This can be done either by decreasing the intersurface separation continuously (combination of sinusoidal and linear movement of the upper surface) or by a discontinuous procedure in which the average distance is decreased in steps and then held constant during the oscillation of the upper surface. For driving frequencies below 3 Hz, the movement of the fringe pattern can be monitored with a video camera and recorded on a videocassette recorder for later analysis. The amplitude of oscillation of the intersurface separation, AD, is then measured from these recordings using a video micrometer. The driving frequency in the continuous and discontinuous measurements described here was νo ) 0.1 Hz. In the discontinuous measurements, the driving amplitude at each separation was chosen to be approximately 10% of the intersurface separation (Ao ≈ 0.1D). The time for each measurement at each separation was on the order of 10 cycles (i.e., total time of measurement at each position, 10T ) 10/νo ) 100 s). In the continuous measurements, the surfaces were driven with an average speed of v ) 1-1.5 nm/s, and the upper surfaces were oscillated with a typical amplitude of Ao ≈ 10-15 nm.
The theoretical background for the evaluation of the experimental data has been given in the literature. 20, 21 Briefly, the viscosity of the liquid at any mean separation, D, is given by where K is the spring constant of the lower support, ν and νo are the driving frequency of the upper surface and the resonant frequency of the lower surface, respectively, R is the radius of the crossed cylindrical surfaces, Ao and AD are the respective amplitudes of the oscillating motion of the upper surface and of the intersurface separation, and f is the gradient of the static force at the mean intersurface separation D. When ν , νo and in the absence of any static force between the surfaces, eq 1 simplifies to Thus, for a Newtonian liquid, a plot of 12π 2 R 2 ν/{K[(Ao/AD) 2 -1] 1/2 } versus D should be a straight line passing through the origin (if the shear plane is at D ) 0) whose inverse slope gives the viscosity η of the liquid. Polymer layers adsorbed onto the mica surfaces can be idealized as a totally immobilized layer of thickness ∆H (hydrodynamic layer thickness) by which the effective plane of shear is shifted (e.g., for polymer layers of the same thickness ∆H on each mica surface, D ) 2∆H).
Results

Symmetric Case: Static and Dynamic Interaction
Forces between PEI-Supported DMPC Bilayers.
Static Force Measurements: Short-Range Forces (Summary of Previous Studies
). An important feature of the investigated PEI-supported DMPC membranes is the significant amount of water taken up by the polyelectrolyte support. This gives rise to a considerable aqueous compartment between the substrate and the lipid bilayer that contains only 15-20 vol % of the polymer as indicated by previous neutron reflectometry studies. 18 It was found in previous static SFA measurements on these systems 19 that the presence of the polymer cushion allows the lipid membrane to exist in a mobile state above the phase transition temperature (i.e., T m ≈ 24°C for DMPC) which significantly alters the interaction potential between the two membranes. The temperature dependence of the measured interaction profile as well as the hemifusion and healing of softly supported membranes was also discussed in this context. The major implications of that previously published work are as follows:
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(1) For the first time, both hemifusion and complete fusion of two interacting lipid bilayers was observed in the SFA. Above T m , the activation pressure to achieve hemifusion was found to be considerably small (F/R ≈ 20 mN m -1 , i.e., P planar e 10 atm). After separation from the hemifused state, complete healing of the membranes was observed which suggested that the fluidity of the system was preserved on the PEI cushion. The mobility of lipid molecules within a polymer-supported lipid membrane was also studied by fluorescence microscopy. 48 While no full FRAP setup was available, the diffusion constants within the fluid bilayer membrane could nevertheless be roughly estimated from the fluorescence recovery of a photobleached spot in a DMPC bilayer carrying 0.5 mol % of a TR-DHPE probe lipid and were found to be at least D min ≈ 0.1 µm 2 s -1 but no higher than D ≈ 5 µm 2 s -1 . While this is a very crude estimate, it allows us to estimate a maximum healing time for a contact region in the SFA experiment with a typical diameter of d ≈ 20 µm as t max ≈ 1 h, which is the approximate time of a full compressionseparation cycle in the SFA experiments. Also, full fusion of two fluid phospholipid bilayers was observed in the SFA for the first time. Below T m , that is, when the DMPC bilayer was in the gel state, very high pressures were needed for hemifusion and the healing process became very slow. These results were in striking contrast to earlier results on the fusion of solid-supported bilayers, 6,33,34 where hemifusion could only be realized in lipid systems with packing defects (e.g., bilayers with specific weak points such as grain boundaries), for bilayers with dissolved solvents or heterogeneous bilayers such as "egg PC", and under extremely high pressures of up to P ) 50-100 atm.
33,34 The observations on PEI-supported DMPC bilayers, however, did agree with temperature-dependent fusion studies of large contacting unilamellar vesicles, 35, 36 which further indicated that the polymer-supported systems resemble the behavior of free lipid membranes in solution.
(2) The abrupt change in thickness found upon hemifusion of two membranes was a direct measure of the lipid bilayer thickness (including a layer of hydration water). The measured bilayer dimensions in the SFA experiments on PEI-supported DMPC membranes agreed well with literature-reported X-ray data on multilamellar DMPC bilayer stacks, 37 which were also confirming our observed thickening of DMPC bilayers at lower temperatures (T < 
T m ). As this effect occurred in the expected temperature range of the gel-fluid phase transition of the DMPC bilayer, that is, in measurements just above (28°C) and below (21°C) the transition, it is another stong indicator that the aqueous compartment provided by the waterswollen polyelectrolyte cushion allows the lipid membrane to exist in a nearly unperturbed natural state. (3) No significant adhesion was measured when two interacting unfused bilayers surfaces were separated (E ad ≈ 0.02 mJ m -2 ). 19 This again was in striking contrast to studies on solid-supported bilayers, where significant adhesive energies up to 0.6 mJ m -2 were determined upon separating two contacting lipid membranes. 47 Again, the conserved fluidity in PEI-supported DMPC membranes makes them more comparable with free bilayer vesicles; in fact, the measured adhesion energies were found to be nearly identical to those determined from vesicle adhesion measurements 38 or by the micropipet aspiration technique. 39 Interestingly, no adhesion was observed even upon separating two previously hemifused bilayers. As the separation of two membrane leaflets in water should certainly be accompanied by a significant hydrophobic energy, this observation may be an indication of very fast recovery of the lipid membranes upon separation (and/or a very weak interaction between membranes and polymer cushions).
Static Force Measurements: Long-Range Interactions. An interesting observation in these previous studies was that the measured repulsive force decayed with a characteristic length of ∼10 nm at mica-mica separations D > 20 nm, stretching out to approximately 50 nm. 19 However, measured forces were too high to be explained by the DLVO theory for a purely electrostatic interaction. In addition, the repulsive behavior at higher monovalent salt concentration (150 mM KNO 3 ) did not differ much from the low-salt case ( Figure 2) ; that is, no screening of the repulsive interaction was observed in the intermediate distance regime (20-40 nm). Instead, the determined decay length was slightly increased (λ -1 ≈ 12 nm). 40 The static interaction forces during the expansion of the surfaces followed those measured on compression (i.e., no hysteresis) when only moderate forces were applied (F/R < 10 mN/m, D > 11 nm). Interestingly, increasing compressive forces brought about increasingly hysteretic behavior; that is, the forces measured during separation were considerably smaller and shorter-ranged than those measured on compression. The effect was greatest in the separation curves after previous hemifusion or fusion events (during which compression forces up to ∼20 mN/m were applied) and manifested itself by significantly steeper decay lengths of the repulsive force in the separation curves (detailed data are not shown, but also cf. Figure  4B for a qualitative illustration on this effect). On the other hand, there has been no indication of a strong dependence of the hysteresis on the time the lipid bilayer surfaces were kept in contact, but further experiments would be needed in order to quantify this effect.
Dynamic Force Measurements. The experimental data obtained in dynamic force measurements using an oscillating driving function for the upper surface are plotted in Figure 3 
According to eq 2, the determination of the effective viscosity of the medium between the two mica surfaces is obtained as the inverse slope of the linear regime of the plots. While for bare substrates a straight line passing through the origin D ) 0 would be expected, the presence of permanently immobilized layers on each surface shifts the x-intercept of the fitted lines by D ) 2∆ H .
The data for both discontinuous and continuous approaches of the surfaces give straight lines above D > 40 nm. In this regime, the static force between the two PEIsupported bilayers is less than F/R < 0.1 mN/m, and eq 2 is sufficient to describe the response of the lower surface. The viscosity of the medium between the two surfaces is found to be η stat ) 0.89 cP for the discontinuous ("quasistatic") approach and η dyn ) 1.18 cP for the continuous (completely dynamic) approach. These numbers correlate well with the expected viscosity of the 0.5 mM KNO 3 buffer solution separating the two interacting bilayers (note that (37) In the previous SFA study of the fusion process of polymersupported membranes, the thickness of a DMPC bilayer in the fluid state was determined as DB ) 3.5 nm. The thickness of a hydrated DMPC bilayer was estimated as DB + DW ≈ 5.7 nm from the hemifusion process. The thickness of two contacting DMPC bilayers thus includes one layer of hydration water, that is, 2DB + DW ≈ 9.2 nm (cf. under these low electrolyte conditions employed the effect of dissolved KNO 3 on the buffer's viscosity can be neglected and that η H2O ) 0.83 cP at 28°C for pure water). The two straight lines fitting the data in the long-range regime intersect the distance axis at approximately 30-33 nm. From this, the hydrodynamic layer thickness of one PEIsupported bilayer on mica can be estimated as ∆ H ∼ 16 ( 1 nm. In the regime of D < 40 nm, significant static forces F/R are measured. For D < 20 nm (F/R > 1 mN/m), the oscillating of the intersurface separation becomes considerably damped (A D < 1 nm) and was thus no longer accurately measurable. The obtained data can be fitted to give a straight line, although with less accuracy as compared to the long-range regime (note that the error introduced by using the simplified eq 2 is still well below 5%). The resulting viscosity number is increased by an order of magnitude (η eff ≈ 7-10 cP) between D ) 20 and 40 nm.
Asymmetric Cases: Static Interaction Force Measurements. To elucidate the contribution of the polymer cushion to the long-range repulsion between softly supported lipid membranes, two asymmetric static experiments were designed which will be presented in the next two sections, namely, a PEI-supported DMPC bilayer versus mica covered with PEI absorbed from solution (case I) and a PEI-supported DMPC bilayer versus a solidsupported bilayer of DMPC on DPPE (case II).
Asymmetric Case I: Polymer-Supported Bilayer versus Bare Polymer Substrate. As a control, two polymersupported DMPC bilayers were repeatedly measured confirming our previous observed interaction profiles ( Figure 4B, curve a) . Then, the asymmetric experiment was set up by replacing the upper of the two surfaces with a bare PEI-coated mica substrate (left sample sketched in Figure 4A ). This yields two distinctive changes in the interaction profile ( Figure 4B, curve b) . The steric barrier (hard wall, D hw ), resulting from contact between the two surfaces, was shifted to lower distances by approximately the thickness of one DMPC bilayer (∆D hw ) 3.8 nm).
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Also, the long-range repulsive interaction extended further out than for the symmetric case (with λ -1 ≈ 12 nm), and the observed hysteresis was more pronounced.
After repeated contact of the two surfaces in successive measurements of the same contact region, a second bilayer formed on the bare polymeric substrate. This was indicated by a continuous recovery of the steric barrier for bilayerbilayer contact at D ) 10.5 nm, accompanied by an increase of the F/R value required for hemifusion until it nearly reached the originally observed hemifusion barrier of two interacting PEI-supported DMPC bilayers ( Figure 4B , curve c). Interestingly, it seems that contact or flattening of the surfaces (or both) are important requirements for bilayer formation on the bare polymer layer. Despite the presence of free DMPC vesicles in solution, we never observed bilayer formation on the bare polymeric substrate on first approach even after a long waiting time (hours) following the exchange of the upper surface or after changing to a fresh position on the bare polymer surface. Finally, expansion curves show typical hysteresis as discussed above. Hysteresis is more significant in curve b (open circles).
Asymmetric Case II: Solid-Supported versus PolymerSupported Bilayers. In contrast to the previous experiments, the repulsive interaction range was drastically decreased when a system of two lipid bilayers and only one polymer layer was investigated. Particularly, the system of a PEI-supported DMPC bilayer and a solidsupported lipid bilayer ( Figure 5A ) was formed by adsorption of small unilamellar vesicles onto preformed monolayers of DMPC on PEI/mica and DPPE on mica, respectively. As shown in Figure 5B , the decay length of the measured exponential repulsion, λ -1 ≈ 2.5 nm, is significantly smaller than for the case of two polymersupported membranes (by a factor of 4). In addition, at F/R ≈ 0.4 mN/m a kink (or short plateau region) is observed in the curve which may be related to an adhesion between the two lipid membrane surfaces. The adhesive energy can be determined from the jump out of contact in the expansion curve as W ad ≈ 0.17 mJ/m 2 .
Fit Results. The experimental data were fitted by several equations based on simple theoretical models. First of all, a simple exponential fit was used, 31, 41 Here, A is a general parameter and λ is the decay length of the repulsive interaction.
Second, a simple spring model introduced by Kü hner and Sackmann 42 was modified for our particular system . Interaction profiles of a PEI layer on mica with a PEI-supported DMPC bilayer membrane at 28°C in 0.5 mM KNO3 solution (static SFA experiment, asymmetric case I). A system of two PEI-supported bilayers was measured first (full symbols) followed by an exchange of the upper surface by a bare polymer layer on mica. Open symbols are the interaction profile measured immediately after exchanging the upper surface (asymmetric force profile). With time and repeated contact of the surfaces, the upper surface "healed" (as indicated by the crossed symbols).
(see Appendix). The polymer cushion is treated as an elastic continuum being compressed along the z-axis. This allows the extraction of an effective Young's modulus, E eff , of the polymer substrate. 43 Also, the effective total thickness, D (o) , of the interfacial layers (polymer + lipid) is obtained from the fit, from which the total thickness of the polymer cushions, D p tot , can be deduced.
Finally, to get further quantitative structural information on the system, the Alexander-de Gennes equation 44, 45 was also used to model the experimental data. In eq 5, next to the total layer thickness, D (o) , the grafting density of the polymers at the surfaces is represented by the mean distance between two grafting sites, s, which can also be deduced from the fit.
Although developed specifically to model terminally grafted polymer brushes, the form of the resulting steric force (osmotic force) is very similar for end-grafted or adsorbed polymer layers at lower surface densities. The model can be successfully applied to fit the repulsive interaction forces between other "swollen" interfacial layer systems such as, for example, microemulsion droplets on surfaces. 46 Equation 5 therefore seems to be a good general description of the interaction force in terms of an osmotic repulsion and elastic energy for separation distances smaller than the overall thickness of the surface layers, D (o) . However, note that bridging interactions are still ignored, and thus the forces at larger separation are typically still underestimated (but apparently to a somewhat lesser extent than the simple spring model as will be seen below). Figure 6 shows the interaction profile of two PEIsupported DMPC bilayers fitted by the different models. were obtained for such a macroscopic approach. However, the finite thickness of the polymer layers is ignored by such an approach. Particularly, the thickness of the real polymer cushions is on the order of the size of one hydrated polymer molecule, such that the microscopic point of view can be regarded to be more reliable. We follow this argument but give the obtained elastic moduli as effective Young's moduli, E eff, to reflect their dependence on the theoretical assumptions of the simple spring model. 
F(D)/R
ander-de Gennes model (gray curve). Generally, a lower thickness for the two bilayer systems is obtained from the spring model; here, F/R ) 0 mN/m at D (o) ) 38.4 nm for the spring model as compared to D (o) ) 54.6 nm from the Alexander-de Gennes fit.
The fit results in the intermediate regime for all measured interaction profiles (the symmetric case for both high as well as low salt conditions and the two asymmetric cases at low salt) and for all three models are summarized in Table 1 .
Discussion
The starting point of the described experiments was the observation of a long-range repulsive interaction in a symmetric setup of two PEI-supported DMPC bilayers in 0.5 mM KNO 3 solution.
19 At mica-mica separations D > 20 nm, the repulsive force falls exponentially with a characteristic decay length of λ -1 ≈ 10 nm. Typically, such a behavior could be attributed to electrostatic interactions arising from the surface charge on either the PEI or the mica substrate (or the bilayer surfaces). At first sight, the measured data agree fairly well with the expected Debye length of an electrostatic interaction which at the given electrolyte concentration would be κ -1 (theoret) ) 13.6 nm. 31 However, the absolute observed repulsive forces are too high to be explained by DLVO theory, unless a significant shift of the layer of effective charge ("Stern layer") away from each mica surface is considered. In addition, if the long-range exponential repulsive interaction in the range from D ≈ 20 to 50 nm were purely electrostatic in origin, the decay length should be greatly decreased at higher electrolyte concentration (κ -1 theoret ) 0.8 nm for 150 mM KNO 3 ). This was not observed in the experiments, as the observed decay length remained nearly unchanged ( Figure  3) , and the approximate agreement with the Debye length at 0.5 mM KNO 3 appears to be merely coincidental. Second, the time scale of the molecular processes underlying the observed hyseresis in the intermediate force range must be on the order of the time scale of the SFA experiment (several minutes). Because ionic diffusion in aqueous solution is a much faster process, the observed interaction in the hysteretic regime can therefore not be explained by electrostatics alone. Finally, the presence of small unilamellar DMPC vesicles is discounted as a source of the long-range force. In control experiments, the prepared surfaces were extensively rinsed with KNO 3 solution before their installation into the SFA. The measured interaction profile was essentially identical to measurements in which DMPC vesicles were present in solution. On the basis of this observation, it can be assumed that the influence of free vesicles in solution is negligible and not responsible for the observed long-range repulsion. Further, the neutron results do not show evidence of adhering vesicles on the bilayer surfaces. 18 We are thus left to conclude that the long-range forces above D > 20 nm originate from the compression of the underlying polyelectrolyte cushions. Direct proof for this assumption was obtained from the asymmetric SFA experiments.
The results of the second set of asymmetric SFA experiments (case II, solid vs softly supported lipid bilayer, Figure 5 ) clearly show that the long-range repulsive interaction observed in polymer-supported bilayer systems must indeed be related to the water-swollen polyelectrolyte cushion. The long-range repulsive force is decreased, both in strength (magnitude) as well as in range (λ -1 ≈ 2.5 nm) by "removal" of one PEI cushion. Also, the observation of adhesive jumps out of contact in this asymmetric experiment can be related to the decreased fluidity and flexibility of solid-supported lipid bilayers, as it has been discussed earlier. 19, 47, 48 Note that the almost complete absence of such instabilities for two interacting "soft" bilayer systems correlates well with the notion of a continuous unbinding of two adhering membranes when thermal fluctuations are allowed.
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From our earlier neutron scattering experiments on quartz supports, the thickness of the PEI cushion was determined as D p ≈ 14.4 nm when DMPC vesicles were adsorbed onto polymer-supported DMPC monolayers prepared by Langmuir-Blodgett deposition. 18 Upon addition of the vesicle solution, the thickness of the polymer layer increased by a factor of ∼3.3 (from initially 4.3 nm after drying in air) accompanied by a significant uptake of water. This earlier study gave important structural proof of the successful bilayer formation by vesicle adsorption on quartz substrates. However, the nature of the substrate is expected to have a significant effect on polyelectrolyte adsorption. Therefore, the thickness of the supporting PEI layer on mica and thus the total thickness of the polymer-supported bilayer system studied in the SFA experiments described here remained somewhat uncertain. The dynamic measurements described in this paper allowed the direct determination of the PEI layer thickness in the SFA. The measured hydrodynamic layer thickness, ∆ H ≈ 16 ( 1 nm, agrees well with the neutron studies on quartz from which the total thickness of a PEIsupported DMPC bilayer was estimated as 18.7 ( 0.5 nm. 
For cases I and II, DLip ) 2DDMPC + DW ≈ 9.2 nm; for case III, DLip ) DDMPC ≈ 3.5 nm. In case IV, instead of the mica-mica distance, D, the surface separation h ) 0 is defined for bilayer-bilayer contact (cf. Figure 5B) . Thus, Dp tot )
system in buffer solution can be determined and is found to increase significantly at mica-mica distances below D < 50 nm. In this distance regime, the static repulsive long-range forces can be fitted well by both the simple spring model and the Alexander-de Gennes equation (Figure 6) .
Apparently, the Alexander-de Gennes model gives a better fit over a longer distance range. However, the resulting values for the total interfacial layer thickness, D (o) AdG , appear too high when compared with the experimentally determined total hydrodynamic layer thickness.
Considering the values given in Table 1 for the symmetric system of two PEI-supported DMPC bilayers in 0.5 mM KNO 3 solution, the total thickness of the system as obtained from the spring model fit, D AdG ) 45.4 ( 2.6 nm, correlates with the onset of the viscosity increase in the dynamic measurements (Figure 3 ). Although this agreement could be coincidental, it may be argued that the purely elastic spring model appears to underestimate the repulsive forces at larger distances at which the suppression of interfacial conformational flexibility within the polymer and lipid layers should result in a (weak) entropic repulsion.
In the interaction profile of one PEI-supported DMPC membrane with a mica sample carrying only a preadsorbed polyelectrolyte layer (case I), the long-range repulsive interaction is still present and extends out to even larger distances. Apparently, the "free" polyelectrolyte layer can stretch out into solution more fully than the bilayercovered PEI layer. In other words, the free PEI surface exists in a more hydrated (i.e., diluted) state when unconfined by the lipid membrane, which results in a longer-ranging steric interaction between the two surfaces, for example, by bridging effects. [51] [52] [53] [54] [55] [56] [57] In a similar way, the observed increase in the hysteretic behavior may be understood.
Conformational rearrangements in the polymer adsorption layer should affect the steric interaction forces dramatically and perhaps also water release and uptake from the polymer cushion upon compression/expansion of the system. Large hysteresis effects and history-dependent surface forces are well-known for polyelectrolyte-coated substrates. 58, 59 It has been argued that slow relaxation processes of polyelectrolyte adsorption layers under compression are a result of conformational changes in the polymer layer and that the kinetics of this process is limited by the cooperative reorganization of local electrostatic bonds at the surface. As the observed force hysteresis of two interacting PEI-supported bilayers should be appreciable to the time scale of the measurement (seconds to minutes), it seems critical that for high molecular weight polyelectrolytes the relaxation times of this reorganization can amount up to several days. 59 However, considering the low molecular weight of the PEI used in our measurements, the relaxation to the equilibrium conformation after previous compression may proceed much faster. Another possible explanation of the hysteretic behavior is related to the observed unusually high thickness of the PEI cushion. Note that in most previous SFA investigations on polyelectrolyte adsorption layers, much smaller layer thicknesses were observed, and long-range interaction forces could typically be attributed to electrostatic double-layer forces. [59] [60] [61] A hydrated PEI layer thickness of ∼15 nm is certainly much more than what would be expected for monolayer surface coverage with single adsorbed and flat-lying polyelectrolyte chains and even slightly higher than the highest possible value which would be obtained if the PEI chains would stand "upright" and adopt a fully stretched conformation upon hydration of the polymer film. The maximum layer thickness that could be achieved for a monolayer of fully stretched chains of slightly branched PEI with M w ∼1800 g/mol would be ∼11 nm. But more likely, a bloblike conformation of the polymers should be found in the adsorption layer, and for an expanded polymer coil of this length, a Flory blob radius of only R F ∼3.6 nm would be expected. 19 Although this is neglecting any further expansion of the blob because of electrostatic interactions between individual segments, the 15 nm thickness of the hydrated layer can by no means be explained by single monolayer coverage. We can only speculate at this point whether the excessive PEI surface coverage thickness might be the result of the LB deposition process (during which not only PEI molecules adsorbed to the mica substrate but also those attached to the DMPC monolayer would be transferred) or related to some other unique adsorption properties of the low molecular weight PEI under the conditions applied in our preparations. However, as neutron reflectometry suggests a water content of at least 80 vol % in the swollen PEI layer 18 and as the surface grafting densities of s ≈ 10-15 nm determined from the Alexander-de Gennes fits indicate that less than one segment per present PEI chain should be interacting with the substrate, it appears that the swollen PEI cushion merely resembles a confined film of a concentrated aqueous polymer solution rather than a tightly surface-bound polymer monolayer. Earlier findings, in which it was observed that the compression of polyelectrolyte adsorption layers of polyallylaminehydrochloride (PAH) would result in an irreversible deformation of polyelectrolyte double layers at compressive forces beyond 10 mN/m, 61 may be consulted to further elaborate this notion. As the forces applied here exceed this value, this should let us expect lateral movement within the adsorption layers, which is further supported by the fact that only a very thin remaining adsorption layer was observed for a fully fused PEI-supported DMPC bilayer system (0.5-1.0 nm). 19 This lateral movement of the polymers in the PEI cushion may not only account for the observed hysteresis but should also be affecting the healing behavior of the lipid bilayer membrane (although the latter depends primarily on the phase state of the lipid bilayer). To fully explore these arguments, a more elaborate timeand force-dependent study of the expansion curves would be needed, which has not yet been done (the slowest overall separation speeds applied so far were at the order of 0.1 nm/s; i.e., one point on the expansion curve was recorded every 30 s so that the overall time for surface separation was approximately 25 min).
The division of the repulsive interaction profile between two polymer-supported bilayers into three different distance regimes is schematically shown in Figure 6 :
(1) The interaction at short distances (D < 15 nm) is dominated by the steric repulsion of the hydrated bilayer surfaces. At higher forces, hemifusion and full fusion (F/R . 80 mN/m) can be observed.
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(2) In the intermediate distance regime (D ≈ 15-40 nm) , the polymer cushions on each surface are compressed below their equilibrium thickness. Interaction forces in this regime are therefore dominated by the elasticity of the polyelectrolyte layers.
(3) At long distances (D > 40 nm), there is no direct contact between the two bilayer surfaces. The repulsive interaction in this regime most likely arises from additional (comparably weak) contributions such as entropic contributions (fluctuations, undulations) and steric effects (surface roughness), as well as from electrostatic repulsion.
The latter assumption was tested by fitting the longrange regime (D > 40 nm) of our force curves. Interestingly, an exponentially decaying force according to eq 3 with the parameters A ) 3.792 mN/m and λ -1 ) 13.3 nm fits the data recorded at low salt concentration almost exactly. While significantly different from the numbers obtained for an exponential fit in the intermediate distance regime, the latter number almost perfectly agrees with the expected Debye length of an electrostatic repulsion in 0.5 mM KNO 3 solution (κ -1 (theoret) ) 13.6 nm). From the exponential prefactor, A, the magnitude of the effective surface potential, ψ o , can be calculated, 31,62 under the assumption that the layers of effective surface charge are located at the two bilayer surfaces, which is accounted for by a Stern shift, δ, in eq 6. While the presence of an electrostatic repulsion for a bilayer surface exposing the zwitterionic and thus electroneutral choline headgroups may seem somewhat counterintuitive at first sight, note that according to the Grahame equation, 31 a surface potential of 20 mV in 0.5 mM 1:1 electrolyte buffer corresponds to a surface charge of 10 -3 C m -2 , that is, only one electronic charge per 160 nm 2 (or one electronic charge per approximately 250 lipid molecules). Unfortunately, the values obtained for different force curves measured under high-salt conditions have not been found as consistent as those obtained for the low-salt conditions. The determined decay lengths average λ -1 ≈ 4 nm (instead of the expected 0.8 nm), but for a comparable surface charge density a surface potential of only ψ o ) 1.2 mV would be expected. 31 This would apparently result in forces too weak to be detected here.
For a clear attribution of the long-range regime to the various possible contributions discussed above, a further evaluation of the long-range interaction profile at intermediate salt concentrations would therefore be needed.
As discussed earlier for the short-range interactions of polymer-supported lipid bilayers, 19 PEI-supported lipid membranes resemble freely suspended bilayers (e.g., as found in lipid vesicles) more closely than lipid membranes on solid mica supports. This feature is attributed to the swollen polyelectrolyte cushion which effectively "holds" the lipid membrane at the surface but allows it to retain its natural properties as the hydrated polymer provides an aqueous compartment between the mica substrate and the proximal lipid layer. This concept has often been compared with the cytoskeletal support in living cells.
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Of course, the polyelectrolyte cushion of the simple model systems investigated here is by no means comparable with the complexity and functionality of the cytoskeleton. Nevertheless, the effective Young's moduli, E eff , obtained from our fits are not only of the same order as the values given for thin layers of other water-swollen polymer gels such as gelatine or dextran 42, 65 but are also comparable with the elastic properties of eucaryotic cells. In recent AFM measurements, their elastic moduli were found to vary between E ) 1 and 100 kPa.
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Conclusions
In summary, the presence of an underlying waterswollen polymer cushion completely changes the interaction profile between lipid bilayer membranes. In earlier work, it had been shown already that the conserved fluidity within the lipid bilayer is most significant to their shortrange interaction profile as it allows for full fusion and subsequent healing of previously fused membranes. Here, the focus has been on the long-range interaction regime; the soft support adds a strong repulsive component in the intermediate regime, in which the bilayer surfaces are in close contact. The major contribution to this repulsive component was found to be the elastic compression of the aqueous polyelectrolyte layer, which is apparently accompanied by water release from the polymeric cushion. The elastic properties and the structural parameters of the surface-bound bilayer system could be obtained from simple theoretical models. The effective Young's moduli of the polymer-supported membranes are comparable to those of living cells, and the structural data from the SFA measurements are in good agreement with independent studies by X-ray or neutron reflectometry. Additional electrostatic repulsive contributions to the interaction profile of the zwitterionic lipid membranes at large intersurface separations are expectedly weak and in agreement with findings on free vesicle systems. In summary, our experiments provide strong evidence that the aqueous polyelectrolyte cushion allows for the fixation of a lipid bilayer on a solid substrate, while retaining its natural properties as in freely suspended bilayers. This is an important requirement if surface-attached bilayers are to be used as model membranes for biophysical studies and possible biosensor applications in the future. 
